Background There is an intimate relationship between activation of the sympathetic nervous system and myocardial ischemia. This study examined whether plasma levels of dopamine, a precursor of norepinephrine, may provide prognostic information in coronary artery disease (CAD).
t has been shown that activation of the sympathetic nervous system promotes platelet aggregation and platelet thrombi formation, increases myocardial oxygen demand because of an increase in heart rate, and predisposes to the development of ventricular arrhythmias. [1] [2] [3] [4] [5] Thus, increased levels of plasma norepinephrine, reflecting sympathetic activation to compensate for left ventricular (LV) dysfunction, adversely affect outcomes in patients with myocardial infarction (MI). 6 Although dopamine, a precursor of epinephrine and norepinephrine biosynthesis, has been widely used for the treatment of congestive heart failure, little attention has been paid to the physiological significance of the plasma levels of endogenous dopamine in heart diseases. Peripheral circulating dopamine is derived from 2 main sources: the sympathetic nerves and the adrenal medulla. 7 Plasma levels of endogenous dopamine are increased in patients with congestive heart failure 8 and in other circumstances in which the sympathoadrenal system is stimulated, such as upright posture, physical exercise stress, and hypoglycemia. 9 However, it is unclear whether plasma levels of free endogenous dopamine may have a predictive value for future cardiovascular events in patients with coronary artery disease (CAD). This study assessed the hypothesis that plasma levels of free endogenous dopamine, a biologically active form of dopamine, may provide prognostic information in stable CAD.
Methods

Study Patients
This study enrolled 210 consecutive patients with stable CAD who underwent cardiac catheterization for chest pain or ischemic changes detected by electrocardiogram (ECG) on effort at Yamanashi University Hospital from January 2002 to January 2003. All patients had angiographic evidence of organic disease with >75% diameter stenosis of at least 1 major coronary artery (1-vessel disease, 91 patients; 2-vessel disease, 66 patients; 3-vessel disease, 53 patients). None of the patients had had episodes of angina at rest or changes in the frequency of angina and response to sublingual nitroglycerin in the previous 3 months. The exclusion criteria were: acute coronary syndromes, major surgery and trauma or serious infectious diseases within the previous 4 weeks, death before discharge, malignancies, chronic inflammatory diseases, and chronic renal failure (serum creatinine levels ≥2.5 mg/dl). The baseline characteristics of the study patients are shown in Table 1 . Written informed consent was given by all patients prior to enrollment. The study was approved by the institutional ethics committee and conformed with the principles outlined in the 1975 Declaration of Helsinki.
Measurements of Cardiac Function
All patients underwent cardiac catheterization, including right heart catheterization, left ventriculography and coronary angiography, in the morning after an overnight fast. The Swan-Ganz catheter technique was used for right heart catheterization, and pulmonary capillary wedge pressure and cardiac index (CI) were measured as in our previous studies. 10, 11 LV end-systolic and diastolic volume indexes, and LV ejection fraction (EF) were determined from left ventriculograms by the area -length method using computerassisted analysis (Cardio 2000, Fukuda-denshi Corporation, Tokyo, Japan).
Laboratory Examination
Venous blood samples were obtained from all patients in the morning after a 12-h overnight fast at the time of enrollment in the study. Plasma was stored at 4°C and was used for assays of neurohormones within 24 h of sampling. The serum and the remaining plasma were stored at -80°C until other assays were performed. Plasma levels of free norepinephrine, free epinephrine, and free dopamine were determined by high-performance liquid chromatography with the fluorogenic reagent, diphenylethylenediamine (HLC-725 CA II, TOSOH, Tokyo). 12 Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) concentrations were measured by immunoradiometric assay (Shionogi Co, Osaka, Japan), as described previously. 10 High-sensitivity C-reactive protein (hsCRP) levels in the serum were assayed by rate nephelometry (Dade Behring, Marburg, Germany). Fibrinogen levels were determined by the method of Clauss. 13 The lower detection limit of free dopamine levels was 11 pg/ml. The intra-and inter-assay coefficients of variation for free dopamine were within 2.4% and 3.4%, respectively. The creatinine clearance was estimated in all patients according to the Cockroft-Gault equation 14 using baseline weight and serum creatinine in each participant. For men, the creatinine clearance was estimated as follows: creatinine clearance = ([140 -age in years] × weight in kg)/(72 × creatinine mg/dl). For women, the value of creatinine clearance was multiplied by 0.85, as specified in the Cockroft-Gault equation.
Follow-up Study
All study patients were followed up every month at a hospital for a period of up to 36 months or until the occurrence of 1 of the following clinical coronary events: cardiac death, nonfatal MI, recurrent or refractory angina pectoris requiring revascularization, or worsening heart failure requiring re-admission. The time to the first cardiovascular event was evaluated prospectively. The diagnosis of MI required chest pain for >30 min, appearance of a new Q wave on the ECG, and elevation of creatine kinase to more than twice the upper limit of normal. Information regarding survival and endpoints was obtained from hospital records, by mail, and by telephone. Cause of death was determined from hospital records. The need for and timing of revascularization were determined by the attending physicians and interventional cardiologists without regard to the study protocol.
Statistical Analysis
All descriptive data are expressed as the mean value ± SD or number of patients (percentage). The mean value and frequency between 2 groups were compared using Student's unpaired t-test and chi-square analysis, respectively. Survival analysis was carried out using the Kaplan-Meier method (log-rank test), according to the presence or absence of higher levels of dopamine (≥30 pg/ml, which was arbitrarily selected based on the 50 th percentile of distribution of free dopamine levels in the study patients). Cox proportion- al hazards analysis was performed to determine the predictive value for cardiovascular events during the follow-up of the following categorical variables: higher dopamine levels (≥30 pg/ml); age (≥70 years); sex (male); smoking history (defined as smoking >10 cigarettes/day for >10 years); hypertension (>140/90 mmHg or requiring antihypertensive medication); diabetes mellitus (defined according to the American Diabetes Association report 15 or as taking antidiabetic medication); hypercholesterolemia (≥220 mg/dl or the use of lipid-lowering medication); 3-vessel CAD; higher levels of BNP (≥68 pg/ml); ANP (≥51 pg/ml); epinephrine (≥30 pg/ml); norepinephrine (≥270 pg/ml); fibrinogen (≥300 mg/dl); serum creatinine (≥0.92 mg/dl); creatinine clearance (<60 ml/min as described previously 14 ); and hsCRP (≥0.3 mg/dl as described previously 16 ); and lower LVEF (<40%). The cut-off points for the higher levels of BNP, ANP, epinephrine, fibrinogen, serum creatinine, and norepinephrine were arbitrarily defined as the 50 th percentile of their respective distributions in the study patients. Statistical significance was defined as p<0.05. Analyses were performed partly using Stat View 5.0 for Windows (Tokyo, Japan).
Results
Comparisons of Baseline Clinical Profiles, Hemodynamics and Neurohormones
The free dopamine levels were under the lower detection limit (11 pg/ml) in 88 patients (42%). Therefore, linear correlation analysis between plasma levels of norepinephrine or epinephrine and dopamine in all of the study patients could not be performed. Among the study patients, 160 patients (76%) had preserved LV function (LVEF ≥50%). Patients with higher levels of free dopamine (≥30 pg/ml) had higher levels of BNP, ANP, hsCRP, fibrinogen, and more extensive CAD than those with lower dopamine levels (<30 pg/ml), as shown in Tables 1 and 2 . Norepinephrine levels were not significantly different between patients with and without higher levels of free dopamine. The frequency of cardiac medication use was similar between patients with and without higher levels of free dopamine.
The patients with higher levels of dopamine had lower LVEF and CI and higher LV end-diastolic and systolic volume indexes, LV end-diastolic pressure, and pulmonary capillary wedge pressure than those with lower levels of dopamine, as shown in Table 2 . Heart rate and systolic and diastolic blood pressures were comparable between patients with and without higher dopamine levels.
Patients with higher levels of norepinephrine (≥270 pg/ml) had no significant difference in hsCRP and fibrinogen levels, LVEF, and CI compared with those without higher norepinephrine levels (hsCRP levels, 0.61±0.99 vs 0.57± 0.86 mg/dl, respectively; fibrinogen levels, 332.3±114.6 vs 318.8±94.3 mg/dl, respectively; LVEF, 55.7±14.8 vs 58.0± 14.7%, respectively; CI, 2.8±0.6 vs 3.1±0.9 L·min -1 ·m -2 , respectively, all p=NS).
Relationship of High Plasma Levels of Free Dopamine With Future Coronary Events in Patients With CAD
All of the study patients completed the follow-up study (from 1 to 36 months, mean 22±9.6 months). All these patients received the standardized medical therapy outlined in Table 1 . During the follow-up period, events occurred in 30 patients with higher dopamine levels (≥30 pg/ml) and in 7 patients with lower dopamine levels (<30 pg/ml) (5 and 1 patients with cardiac death, 8 and 2 nonfatal MI, 14 and 3 recurrent or refractory angina pectoris requiring revascularization, and 3 and 1 worsening heart failure requiring Tables 1 and 2. re-admission, respectively). Kaplan-Meier survival analysis demonstrated a significantly higher probability of developing a clinical event in the patients with the higher levels of free dopamine than in those with the lower levels (Fig 1) . In the univariate Cox proportional hazards model, higher levels of free dopamine, lower LVEF, the presence of diabetes and 3-vessel disease, and higher levels of hsCRP and BNP were significant predictors of clinical coronary events (Table 3 ). In the multivariate Cox proportional hazards model, higher levels of free dopamine remained significant in association with future coronary events after adjustment for potential confounders including lower LVEF, higher levels of BNP and norepinephrine (Table 4 ). In contrast, higher norepinephrine levels (≥270 pg/ml) were not a significant predictor in either univariate or multivariate analysis (Tables 3,4) .
Discussion
This is the first study to show that higher levels of free dopamine are a risk marker of future coronary events in patients with stable CAD. Furthermore, patients with higher dopamine levels had a decrease in indexes of LV function and an increase in the levels of BNP and ANP, as compared with those with lower dopamine levels. Therefore, free dopamine levels are increased in proportion to LV dysfunction; therefore, free dopamine levels may be related to LV function in patients with stable CAD.
Dopamine is secreted from sympathetic nerve endings and the adrenal gland 7 and then rapidly inactivated by conversion to a conjugated form in plasma. 7, 17 Because circulating dopamine is present almost entirely (>98%) in the conjugated form, 7,9 plasma levels of free dopamine (ie, biologically active dopamine) are mainly determined by the net balance between its conjugation and deconjugation by phenol sulfotransferase and arylsulfatase, respectively. 9, [18] [19] [20] Although the precise regulatory mechanisms for the activity of these enzymes remain unclear, the deconjugation of conjugated dopamine to free dopamine is known to increase in patients with chronic heart failure, 21 in whom sympathetic activation occurs chronically. This finding is compatible with previous reports 9, 22 showing that plasma free dopamine levels are increased by sympathetic nervous activation. The circulating concentration of conjugated dopamine is the highest among the concentrations of the circulating catecholamines, usually 5-to 10-fold higher than all others, conjugated or free norepinephrine and epinephrine. 21, 22 Therefore, free dopamine levels are greatly influenced by the deconjugation of conjugated dopamine, and this conjugation is also stimulated by cortisol, 23 which is released in the condition of heart failure. Furthermore, the transient increase in free dopamine levels after physiological stress is less as compared with norepinephrine. 22 In this context, free dopamine levels may reflect well the steady state of cardiovascular compensation in patients with heart failure.
A number of studies have shown that plasma norepinephrine levels are increased in proportion to LV dysfunction and provide prognostic information whether the etiology of the dysfunction is ischemic or non-ischemic. 24 However, few reports have shown the prognostic value of plasma norepinephrine levels in patients with CAD and preserved LV function. Most of the present patients with CAD had preserved LV function (LVEF ≥50%), which may account for the relatively lower plasma norepinephrine levels in this study compared with patients with LV dysfunction in previous reports. 25, 26 Moreover, it is known that plasma norepinephrine levels are variable in the same individual and are transiently increased (nearly 5-fold) in response to physiological or emotional stress, independently of LV function. 27 In fact, cardiac hemodynamic parameters were comparable between patients with and without higher norepinephrine levels in the present study. Thus, norepinephrine levels are unlikely to reflect LV function in patients with relatively preserved LV function, accounting for the lack of significant predictive value of norepinephrine levels in the present study. In contrast, the patients with higher free dopamine levels had a decrease in indexes of LV function compared with those with lower dopamine levels. Furthermore, levels of hsCRP and fibrinogen, inflammatory risk factors for future coronary events, 28, 29 were increased in the present study in patients with higher than lower levels of free dopamine, while these inflammatory markers were not increased in patients with higher norepinephrine levels. The intimate association of free dopamine levels with these established inflammatory risk factors may also account for the predictive value of free dopamine levels in the present patients with CAD.
Dopamine causes platelet aggregation and coronary vasoconstriction, 1,2,30 both of which play an important role in the pathogenesis of coronary plaque instability leading to coronary events. Moreover, an increased plasma concentration of dopamine may be related to the occurrence of ventricular arrhythmias. 3 Although the plasma levels of free dopamine in the present study were too low to exert any significant biological effects, 31 tissue concentrations of free dopamine may be potentially increased on the basis of extremely high concentrations of norepinephrine in the vascular tree and ischemic myocardium. 32 However, it remains to be determined whether higher levels of free dopamine are only a surrogate marker or a mediator of coronary plaque instability. A trial using a dopamine-receptor blocker in a large number of study patients may be required to assess the precise role of free dopamine in the pathogenesis of CAD.
In conclusion, high plasma levels of free dopamine are an independent risk factor for future coronary events in stable CAD patients. Tables 2 and 3. 
